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ABSTRACT 

We report the discovery of a brown dwarf companion to the young M dwarf 1RXS J235133. 3+312720 
as part of a high contrast imaging search for planets around nearby young low-mass stars with Keck- 
II/NIRC2 and Subaru/HiCIAO. The 2'.'4 (^120 AU) pair is confirmed to be comoving from two epochs 
of high resolution imaging. Follow-up low- and moderate-resolution near-infrared spectroscopy of 
1RXS J2351+3127 B with IRTF/SpeX and Keck-II/OSIRIS reveals a spectral type of L0±?. The M2 
primary star 1RXS J2351+3127 A exhibits X-ray and UV activity levels comparable to young moving 
group members with ages of ^10-100 Myr. UVW kinematics based the measured radial velocity of 
the primary and the system's photometric distance (50 ± 10 pc) indicate it is likely a member of 
the ^50-150 Myr AB Dor moving group. The near-infrared spectrum of 1RXS J2351+3127 B docs 
not exhibit obvious signs of youth, but its TJ-band morphology shows subtle hints of intermediate 
surface gravity. The spectrum is also an excellent match to the ~200 Myr M9 brown dwarf LP 944- 
20. Assuming an age of 50-150 Myr, evolutionary models imply a mass of 32 ± 6 Mj up for the 
companion, making 1RXS J2351+3127 B the second lowest-mass member of the AB Dor moving 
group after the L4 companion CD-35 2722 B and one of the few benchmark brown dwarfs known at 
young ages. 

Subject headings: stars: individual (1RXS J235133. 3+312720) — stars: low-mass, brown dwarfs 



1. INTRODUCTION 

M dwarfs are the most abundant denizens of our galaxy 
and because of their sheer numbers are probab ly the most 
common sites of planet formation (Lada 2006). They ac- 
count for over 70% of stella r systems in the solar neigh- 
borhood (|Henrv et al.l 119971 ) and make up abou t half of 
the baryonic mass of our galaxy (jHenrvl I2004D . In ad- 
dition, the single star fractio n — a crucial stati stic for 
giant planet formation (e.g., IKraus et al.l 120121) — de- 
creases from ~60-70% for M dwarfs ((Fischer fc Marcvl 
Il992t iBergfors et al.ll2qi0l) t o ~54% for solar- type s tars 
(|Duquennov fe Mayor! 119911 : iRaghavan et all 12010ft to 
near 0% for the most massive stars (jPreibisch et al.1 
11999ft . further separating M dwarfs from AFGK stars 
as the most numerous potential planet hosts of all the 
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stellar classes (Lada 2006). 

Despite the prevalence of M dwarfs in our galaxy, the 
population of giant planets orbiting low-mass stars re- 
mains poorly understood. At small separations (<3 AU), 
radial velocity surveys have found that the frequency of 
giant planets decreases with diminishing st ellar host mass 
(lEndl et all 120061 iJohnson et al.1 120071: Uohnson et all 
l2010t iBonfils et al.ll201ll ). a correlation that is consis- 
tent with the core accretion model of g iant planet for- 
mation (e.g., Kennedy fc Renvoi] 12008ft . At wide sep- 
arations (>5 AU), however, there are few observational 
constraints on the population of gas giants. The statistics 
from microlensing surveys indicate that a large popula- 
tion o f planets exists be y ond the snow line of low- mass 
stars (IGould et al l [20061 iSumi et al.l [2010t IGould et al l 
120101 : ISumi et all 120 lift . Recently. iCassan et al.l (|2012l ) 
measured the occurrence rate of 0.3-10 Mj up planets be- 
tween 0.5-10 AU to be 17lg%, with the frequency in- 
creasing for lower planet masses. Unfortunately, the host 
stars from this sample span a large mass range (68% have 
masses between 0.14 and 1.0 M Q ) and their mctallicities 
are unconstrained, so it is unclear how these parameters 
might influence planet formation at these separations. 

Direct imaging offers another approach to study plan- 
etary systems at wide separations. This method has sev- 
eral advantages over other planet-finding techniques: it 
enables detailed studies of regions >10 AU, and follow-up 
photometry and spectroscopy of discoveries can be used 
to study the atmospheres of young giant planets. Yet M 
dwarfs are conspicuously rare targets of direct imaging 
surveys due in part to a dearth of known low-mass mem- 



bers o f nearby young movin g groups (e.g.,[S ikolnik et al.1 
[20091 ShkolnikliEaDIlQiil ISchlieder et all 12012ft . Most 



deep adaptive optics imaging programs have therefore 
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focused on the more abundant solar- and high-mass 
members of these groups, which has lead to increas- 
ingly tighter statistical constraints on the population 
of massive planets on wide orbits arou n d FGK stars 
(iLafreniere et alJ l2007t iBiller et all 120071: INielsen et al.1 
120081 INielsen fc Close! 120101 : iChauvin et all I2010j ). M 
dwarfs are therefore the neglected majority: they are 
the most common stellar type but our understanding of 
giant planet formation is the weakest in this stellar mass 
regime. 

To address these disproportionate statistics we are car- 
rying out the Planets Around Low-Mass Stars (PALMS) 
survey, a high contrast adaptive optics (AO) imaging 
search for giant planets around nearby (<30 pc) young 
(<300 Myr) M dwarfs using the Keck-II and Subaru 
telescopes. Our goals are to find young giant planets 
and brown dwarf companions to study the atmospheres 
of these rare low-gravity objects and measure the fre- 
quency and mass-period distributions of gas giants or- 
biting M dwarfs. Our sample of ^70 northern targets 
originates from ongoing searches for nearby young M 
dwarfs using the ROSAT and GALEX al l-sky surveys 
(jShkolnik et all 120091 : iShkolnik etafl 120111 ) . High res- 
olution optical spectroscopy has been used to rule out 
spectroscopic binarity, identify spectroscopic indicators 
of youth like Li absorption and gravity-sensitive features, 
and measure radial velocities. Many of the targets in 
our sample have been kinematically tied to young mov- 
ing groups (YMGs) with ages between 10 and 100 Myr 
(Shkolnik et al. 2012, submitted). Recently, several stud- 
ies have found that M dwarfs hosting cl ose-in giant plan- 
ets a r e preferentially metal-ri c h fe.g.. iJohnson &; Appsl 
[20091: iRoias-Avala et al.|[20Tot iTerrien et alll2012[) . On 
average, our sample of young stars is expected to be 
slightly metal-rich as a result of galactic chemical en- 
richment over time. Our PALMS survey therefore com- 
plements ongoing radial velocity planet searches that are 
uncovering gas giants around metal-rich field M dwarfs. 
Finally, we note that only a handful of giant planets have 
been detected around M dwarfs (7 with masses > 1 Mj up 
from radial ve locity and microlen sing searches; see the 
compilation in lBonfils et al.l [201 If ) . so even a single dis- 
covery from our survey is significant. 

A handful of planets have now been directly imaged 
and many more are expected to be discovered with 
the next generation of specialized plan et-finding instru- 
ment s (i.e., Gemini Planet Ima ger. iMacintosh et al 
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SPHERE. iBeuzit et alll2008H Many of our expectations 
about the atmospheric properties of giant planets 
are shaped by detailed studies of their higher-mass 
analogs, the brown dwarfs. With similar radii and 
effective temperatures to young gas giants, brown 
dwarfs provide empirical spectral sequences across a 
range of gravities and metallicities. They also serve as 
tests of substellar atmospheric and evolutionary models, 
which are the same models used to infer the physical 
properties of giant planets. The best calibrators are 
the rare class of benchmark brown dwarfs with known 
ages and metallicities w hich can be found a s members 
of co eval clusters (e.g., lLodieu et all 120081 : iRice et all 



20101) or companions to well-characterized stars (e.g , 
n i2002l: Huhman et all 120071 IDupuv et all 120091: 



Liu et al 



iWahhai et ail 12011 ICrepp et alll20H . 

Here we present the first discovery from our 
PALMS survey: a substellar companion to the 
young M2 dwarf 1RXS J235133.3+312720 (hereinafter 
1RXS J2351+3127 A). T his young star was first i denti- 
fied bv lRiaz et all (|2006f ) and lShkolnik et all (|2009l ) from 
its large frac tional X-ray flux. Shk olnik et al. (2012, sub- 
mitted) and lSchlieder et all (|2012D independently find it 
to be a likely member of the AB Dor YMG based on its 
high energy emission and kinematics. Our discovery of a 
substellar companion to 1RXS J2351+3127 A makes it 
an important benchmark system at a little-studied age 
of brown dwarf evolution (Figure [1} . 

2. OBSERVATIONS 

2.1. PALMS Observing Strategy 

The overall strategy of our survey consists of vetting 
close visual binaries from our sample and obtaining deep 
imaging of single young M dwarfs. Binaries are re- 
moved for several reasons: (1) moderate-separation bina- 
ries (<40 AU) are likely disruptive to giant planet forma - 
tion as a result of rapid disk dispersal (iKraus et all2012l ) ; 
(2) for giant planets forming in circumbinary disks, very 
tight binaries can be approximated as single point masses 
made of the total mass of the binary pair, and therefore 
cannot be included in our final statistical analysis which 
is focused on low stellar masses; and (3) wavefront correc- 
tion in adaptive optics systems is generally optimized for 
single point sources, so binaries will tend to reduce image 
quality and lower Strehl ratios. Our deep coronagraphic 
imaging of each target is co nducted in angular differentia l 
imaging (ADI) mode (e.g.. lLhl?00i IMarois et alll20M) : 
these data will be discussed in a future publication. 

2.2. Keck-II/NIRC2 NGS AO Imaging 

We imaged 1RXS J2351+3127 AB with Kcck-II/Ncar 
Infrared Camera 2 (NIRC2) coupled with natural gu ide 
star (NGS) adaptive optics ([Wizinowich et all 12000ft on 
21 June 2011 UT and 15 November 2011 UT. The narrow 
camera setting was used for both epochs, resulting in a 
field of view of 10"2 x 10'/2. Our June 2011 data were ob- 
tained at an airmass of 1.17 with the MKO g-band filte r 
(| Simons fc Tokunaeal 120021 iTokunaga fc Vaccal 12001 . 
We first acquired short unsaturated images of the pri- 
mary (reading out the central 192x248 pixels instead 
of the full 1024x1024 array) for photometric calibration 
and to check for binarity. We then obtained five 10 sec 
images using the full array with 1RXS J2351+3127 A 
placed behind the 0'.'6 diameter translucent focal plane 
mask; 1RXS J2351+3127 B is clearly visible in individ- 
ual frames (Figure [2]). Conditions were photometric and 
the Differential Imaging Motion Monitor on CFHT re- 
ported Of! 4 seeing during the observations. Second epoch 
imaging in November 2011 was performed in the if -band 
filter at an airmass of 1.05. Nine short (0.2 sec) non- 
coronagraphic frames of 1RXS J2351+3127 AB were ac- 
quired during excellent (~0 / /5) conditions. Our imaging 
data are summarized in Table [T] 

Cosmic ray and bad pixel removal, dark subtraction, 
and flat fielding were performed on each image. The 
coronagraphic frames suffer from dust features present 
on the focal plane slide which contains the occulting spot. 
This slide may not return to exactly the same position 
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with each new setup, so we created two flat frames to 
remove normal detector and optical inhomogeneities as 
well as residual dust features from this nonstatic opti- 
cal component. We obtained dome flats with and with- 
out the mask, then generated a "coronagraph" flat by 
dividing the normal dome flat. After masking out the 
occulting spot from the coronagraph flat (that is, the re- 
gion centered on the coronagraph spot was set to unity) , 
we matched the flat to the image through cross correla- 
tion, then divided it into the image. Optical distortions 
were corrected using the distortion solution made avail- 
able by the Keck Observatory, which was developed by 
B. Cameron and is accurate to ^0.2-0.3 pix across the 
entire image (|Yelda et al.ll20Toh . 

Our _ff-band coronagraphic data preceeded deep an- 
gular differential imaging (which will be presented in a 
future publication) so the image rotator was turned off 
for the observations (i.e., the rotator was in "vertical an- 
gle mode"), causing 1RXS J235f+3127 B to rotate about 
the primary by 0.34° during the short sequence. The im- 
ages were registered by fitting a 2D elliptical Gaussian to 
the primary star behind the coronagraph and derotated 
to a common position angle using a cubic convolution in- 
terpolation. North alignment was performed using key- 
words stored in the FITS header, taking into account the 
offset between the AO and NIRC2 detector (+0.7°) and 
the sky or ientation on the de tector of +0.252 ± 0.009° 
derived by lYelda et all (|2010f ). 

Astrometry was measured for each image using cen- 
troid positions of 1RXS J2351+3127 A and B and 
the NIRC2 plate scale of 9.952±0.002 mas pix" 1 from 
lYelda et al.l (|2010D . Errors in the separation and posi- 
tion angle (PA) were computed from Monte Carlo re- 
alizations taking into account uncertainty in the North 
angle alignment, plate scale, centroid position (assumed 
to be 0.1 pix), and distortion solution (0.3 pix). The 
adopted values for each epoch are weighted averages from 
the individual frames. (The uncertainties in separation 
and PA from individual images are roughly 4 mas and 
0.1°, respectively.) Our measurements are summarized 
in Tabled 

We computed flux ratios for our 7i-band data using the 
short images of the primary and the longer 10 sec coro- 
nagraphic frames where the companion is visible. We 
performed aperture photometry at the centroided posi- 
tions of both components using an aperture radius of 10 
pix and annular sky subtraction, arriving at an _ff-band 
flux ratio 5.68 ± 0.04 mag and a if -band flux ratio of 
5.04 ± 0.05 mag. 

2.3. IRTF/SpeX Prism Near-Infrared Spectroscopy 

We obtained a low-resolution 0.8-2.5 jt m spectrum of 
1RXS J2351+3127 B with IRTF/SpeX (jRavner et all 
I2003h in prism mode on 14 October 2011 UT. The 0"3 slit 
was used (2 pixels per resolution element), resulting in an 
average resolving power (R = A/AA) of ^250 across the 
spectrum. Atmospheric conditions were good during the 
observations (DIMM on CFHT reported C/5 seeing) with 
some light cirrus. The slit was oriented perpendicular to 
the binary PA; although this differed from the parallac- 
tic angle, differential chromatic refraction was negligible 
because of the low airmass (secz=l.l). A total of 12 
min of data were obtained by nodding along the slit in 
an ABBA pattern (Table [IJ . Immediately afterward we 



observed the A0V standard HD 222749 for telluric cor- 
rection at a similar airmass (secz=1.2) and position on 
the sky. Internal flats and arc frames were taken for flat 
fielding and wavelength calibration. The spectra were 
extracted, median-combined, and correc ted for telluric 
features using the IDL package Spextool (jCushing et al.1 
[200l lVacca"et^I|[2003l ). The median S/N per pixel be- 
tween 0.8-2.5 (im is 74 and reaches over 130 in J band. 

The spectrum of 1RXS J2351+3127 B suffers from sig- 
nificant contamination from the primary at A <1.2 /xm, 
which was evident in the pair-subtracted images. How- 
ever, the smaller PSF FWHM at longer wavelengths re- 
sulted in a better separation at H- and _ftT-bands, so con- 
tamination should be negligible in those regions. We 
flux calibrated the spectrum using the if-band photom- 
etry from Keck and the conversion to the MKO system 
described in Section I5~2l 

2.4. IRTF/SpeX SXD Near-Infrared Spectroscopy 

We observed 1RXS J2351+3127 AB with the 
IRTF/SpeX spectrograph in short cross-dispersed mode 
(SXD) on 2 Dec 2011 UT. Conditions were excellent with 
DIMM on CFHT reporting C/4 seeing. We used the 0'.'5 
slit (R ~ 1200) oriented at the binary position angle 
so that both the primary and companion were observed. 
The observations were taken in an ABBA pattern over 
an airmass range from 1.02 to 1.06. We obtained 24 120- 
sec exposures, resulting in a total on-source integration 
time of 48 min. The A0V star 7 Tri was then targeted 
for telluric correction, and calibration frames were taken 
at the same telescope position. 

The data were reduced with Spextool. It was clear 
from the collapsed spatial profiles of each order that the 
wing of the point spread function from the primary over- 
lapped with the companion. Like in the prism data, the 
system was better separated at H and K because of the 
smaller FWHM, but contamination became progressively 
worse at < 1.1 /im. As a result, we processed the spec- 
tra of the companion without optimal extraction and sky 
subtraction, and we limited the extraction to orders 3, 4, 
and 5 (K, H, and J bands, respectively, or 1.1-2.5 /im). 
The SXD spectrum appears to be slightly redder than the 
prism spectrum, which may indicate there is less contam- 
ination. (The synthetic J-K (MKO) colors of the SXD 
and prism spectra are 1.26 mag and 1.17 mag.) The 
4th order of the companion fell on a region of the de- 
tector where a faint ghost exists. Consequently, a large 
artifact was present in the reduced spectrum between 
1.71-1.75 /im, so we removed this spectral region. The 
extraction of the primary star and the standard were 
performed the usual way with Spextool using optimal ex- 
traction and background subtraction. The median S/N 
per pixel of the companion spectrum is 26 and is over 40 
in H and K . 

2.5. IRTF/SpeX Guider Camera YJHK Imaging 

We obtained additional relative photometry of 
1RXS J2351+3127 AB with the guider camera on 
IRTF/SpeX on 2 Dec 2011 UT. We imaged the system in 
the Y0 J, H, and K$ filters in nodded patterns. The de- 

9 This filter is labeled "Z" in the Guidedog GUI and instrument 
documentation, but with a band pass of 0.95-1.11 f im it better 
resembles the Y filter described in Hillenbrand et al. (2002). 
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tails of our observations are listed in Table [TJ Each frame 
was corrected for bad pixels and cosmic rays, pair sub- 
tracted, and divided by a flat frame created from the sci- 
ence data after masking out the system. The images were 
then registered and stacked to extract relative photom- 
etry. The companion is clearly visible in all filters and 
sits in the wing of the primary's PSF (Figure [3]). We per- 
formed relative photometry by modeling each PSF as the 
sum of three elliptical Gaussians as described in lLiu et al.l 
(|2010af ). Uncertainties were computed by inserting and 
extracting artificial companions at same separation as 
the real object but different PAs. The artificial compan- 
ion was created by scaling the primary star to the same 
brightness as the real companion. The resulting photom- 
etry is presented in Table |3j where quoted uncertainties 
represent the standard deviation of several hundred real- 
izations of this process. Our IRTF /v-band photometry 
disagrees with our Keck measurements by <~4-<r. Since 
the PSFs overlap in our IRTF data this discrepancy is 
probably a result of a slight systematic error or under- 
estimated measurement uncertainty in our IRTF pho- 
tometry We emphasize that while our IRTF data were 
obtained in excellent seeing conditions, our photometry 
and spectroscopy of the companion may contain minor 
systematic errors as a result of its close proximity to the 
primary star. Our Keck data taken with adaptive optics 
is expected to be much more reliable. 

2.6. Keck-II/OSIRIS J -Band Spectroscopy 

On 26 Dec 2011 UT we obtained Kcck-II NGS-AO 
1.18-1.35 ^m spectroscopy of 1RXS J2351+3127 B 
with the Oil-Suppressing Infr ared Imaging Spectrograph 
(OSIRIS; llarkin et al.ll2006h . Unlike our IRTF/SpeX 
data, the combination of adaptive optics and an integral 
field unit enables resolved spectroscopy of the companion 
without contamination from the primary star. We ob- 
tained three nodded pairs with exposures of 300 sec per 
position with the Jbb filter and the 50 mas plate scale, 
totaling 30 min of on-source data (Table [lj . The result- 
ing field of view was 0'.'8x3'.'2 and the resolving power 
was ^3800. Immediately following our science observa- 
tions we targeted the A0V star HD 78215 to correct for 
telluric features. 

The data were reduced with the OSIRIS data reduc- 
tion pipclincF^I and the latest rectification matrix made 
available by the Keck Observatory. Nodded pairs were 
used for mutual sky subtraction. The spectra were ex- 
tracted from the data cubes using 3 pix (150 mas) circu- 
lar apertures. The individual spectra were first scaled to 
a median-combined spectrum, then deviant pixels were 
removed with a sigma-clipping algorithm at each wave- 
length using a 3 a threshold, and finally the spectra were 
combined by computing mean and standard errors at 
each wavelength. Telluric correction was performed with 
the xtellcor_general routine in the Spextool spectro- 
scopic reduction package. At its native resolution the 
final spectrum has a median S/N per pixel of ~15. 

3. RESULTS 

3.1. Common Proper Motion 

We use the sky coordinates, distance estimate 
(50 ± 10 pc, see Section I3.2|) . and proper motion of 

10 Version 2.3: [http://irlab.astro.ucla.edu/osiris7] 



1RXS J23514-3127 A along with first epoch astrome- 
try of the candidate companion to predict the separa- 
tion and position angle (or, equivalently, change in right 
ascension and declination) of a distant background ob- 
ject over time. The results are shown in Figure |4] with 
shaded errors at each epoch incorporating uncertainties 
in distance, proper motion, and first epoch astromctry. 
Our second epoch Keck astrometry is consistent with our 
first epoch measurements (within 3-cr) and rules out the 
background hypothesis at 7-<r, proving the companion is 
comoving and very likely gravitationally bound to the 
primary. The second epoch separation is indistinguish- 
able from the expected separation of a background ob- 
ject, but the position angle of a background object differs 
from the second epoch measurement by 0.99 ±0.13 deg. 
Most of the uncertainty in this value is from the error in 
the background model PA at that epoch rather than the 
measured PA of the companion. 

3.2. Distance 

There are several distance estimates to t he primary 
star 1RXS J2351+3127 A in the literature. iReid et all 
use absolute magnitude-optical band strength in- 
dex relations (M,/-Ti05 and Mj-CaH2) to arrive at an 
estimated Mj of 7.08 ± 0.34 mag and a correspond- 
ing distance of 35.0 ± 5.6 pc. iRiaz et ail (|2006l ) use a 
slightly different Mj-Ti05 relation and arrive at a dis- 
tance of 50 pc (we calculate an uncertainty of 20 pc us- 
ing the quoted rms from their relation.) Both estimates 
make use of fi eld relations an d assu me the star is sin- 
gle. Recently Schliede r et all ([2012D estimated a kine- 
matic distance of 41.3 ±3.2 pc for 1RXS J23514 - 3127 A 
using the technique described in lLepine k, Simon] (|2009[) . 
which assumes it is a member of the AB Dor YMG (see 
Section [3X3]). 

The late-type companion can also be used to obtain an 
independent distance estimate for the system. The most 
extensive compilation of field ML T objects with para l- 
laxes was recently assembled by IDupuv fc Liul (|2012H 
They measure an Mr- mko value of 10.46 ± 0.15 for 
L0 objects, which is the spectral type we adopt for 
1RXS J2351±3127 B (Section E3])- Our K' contrast 
measurement must first be converted to ATmko to use 
this relation. The synthetic Kmko-K' and Kg-K' col- 
ors from our SXD spectrum of 1RXS J2351+3127 A 
are < 0.02 mag, so we assume Kmko^K' for the 
primary. Our prism spectrum of the companion yields 
a Kmko-K' color of -0.09. Taking this into account 
and using the 2MASS magnitude of the primary gives 
a i^MKO-band magnitude of 13.92 ± 0.05 mag and a dis- 
tance of 49 ± 5 pc. 

If the system is young then field relations will underes- 
timate the objects' luminosities and distances. Assuming 
instead an age comparable to the Pleiades (^120 Myr), 
we can make use of photometry of known late-type 
Pleiades members to infer an empirical SpT-absolutc 
magnitude rela tion for young objec ts. Isolating Pleiades 
members from iBihain et all (|2006f ) with spectral types 
betwee n M9 and 11 and us ing a cluster distance of 
133 pc (|Soderblom et al.ll2005h yields an average Mk mko 
value of 10.0 ±0.6 mag and a slightly larger distance of 
60 ± 17 pc for 1RXS J2351+3127 B. Altogether we adopt 
a distance of 50 ± 10 pc, with a younger age favoring a 
larger distance. 
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3.3. Age 
3.3.1. X-ray Activity 

Low-mass stars have long been known to exhibit 
age-rotation-activity relationships spanning their pre- 
main sequence and main sequence lifetimes (jSkumanichl 
[19721) . They are born with high angular momenta 
and fast rotation rates, which induce strong magnetic 
fields and res ult in active coronal and ch r omospheric 
emission (e.g., iFeigelson fe Montmer lei 119991 : iWest et al.l 
120081 ). Angular momentum loss through stellar winds 
slows rotat ion and diminishes m a gnetic field strengths 
over time (IFeigelson et al.l 120041: Barnes fe Khnl 120101: 
iReiners fc Mohantvl l2012Tv Observationally this mani- 
fests as an evolution of rotation r ates (e.g.. Ilrwin et al.| 
2011) and X-ray activity (e.g., iPrcibisch fc Feigelsonl 



2005( 1: both are calibrated to young coeval clusters and 



old field stars but have considerable dispersion for a given 
age and stellar mass. 

1RXS J2351+3127 A was first i dentifi ed in a large 
spectroscopic survey by iRiaz et all ([2006) to locate new 
nearby M dwarfs using a combination of 2MASS and 
the ROSAT All Sky Survey catalogs. They found a 
high fractional X-ray luminosity of log Lx/L^oi = -3.02, 
which corre sponds to the satura t ion limit for low-mass 
stars (e.g., iDelfosse et al.l 119981 iPizzolato et~aTl 120031: 
iWright et al.ll201lD . How does this compare to t ypica l 
values for young clusters? iPreibisch fe Feigelsonl (|2005l ) 
present a comprehensive analysis of the evolution of X- 
ray activity for various stellar mass bins between the ages 
of ~1 Myr and several Gyr. Fractional X-ray luminosi- 
ties decline over time, but less precipitously for low-mass 
stars compared to solar-type stars. The median values 
for 0.1-0.5 Mq stars only decrease by ~0.4 dex from the 
1-10 Myr clusters to Hyades ages (^625 Myr), whereas 
0.9-1.2 Mq stars vary by ~1.7 dex over the same time- 
frame. Both stellar mass bins show a subsequent drop 
of ^1.3 dex from the Hyades to the field age. The frac- 
tional X-ray luminosity for 1RXS J2351+3127 A is well 
above typical values of even the youngest clusters. The 
cum ulative distributions for low-m ass stars (0.1-0.5 Mq) 
from lPreibisch fe Feigelsonl (|2005l ) indicate that even the 
most active tail of field objects never reaches values of 
-3.0, although a more precise age determination is diffi- 
cult using log Lx/Lbo1 alone since the distributions for 
young clusters overlap. 

The cumulat ive distributions of X-ray l uminosities 
(log L x ) from IPreibisch fe Feigelsonl pOOl are some- 
what less degenerate than for fractional X-ray lumi- 
nosities. Using the cou nt rate to flux conversion fac- 
tor from Fl eming et al.l (119951 ) and assuming a dis- 
tance of 50 ± 10 pc yields log L x =29.3 ± 0.2 crg/s 
for 1RXS J2351+3127 A. In Figure E (left panel) we 
compare this to the dis tribution of luminosi t ies fo r 
various populations from IPreibisch fe Feigelsonl ((2005T) . 
1RXS J2351+3127 A is consistent with the ONC, 
Pleiades, and the most X-ray luminous members of the 
Hyades, but is inconsistent with field objects. 

The ROSAT Position Sensitive Proportional Counter 
(PSPC) instrument had modest energy resolution, en- 
abling a rough measurement of the X-ray spect r um us - 
ing hardness ratios as defined in iVoges etldl (|1999D . 
Stellar X-ray emission softens with age as a result of 
decreasing absorption by foreground gas at very early 



ages (<10 Myr; iNeuhauser et al.lll995l) and an evolving 
coronal gas tempe rature at intermedia te and old ages 
(^10 Myr-10 Gvr: iKastner et al"1l2003l) . so hardness ra- 
tios can be used as a crude indicator of age. For a com- 
paris on sample we search ed the RASS Bright Source Cat- 
alog (jVoges et all 119991 ) for X -ray counterparts within 
40" of stars in two age bins: Upper Scorpius mem- 
bers (-5 Myr) from IPreibisch fc Mamaiekl (|2008f ); and 
AB Dor, j3 Pic, Columba, Tu c-Hor, and TWA Y MG 
members (~10-100 Myr) from iTorres et al.l (|2008l ). In 
addition, we use the NE XXUS 2 catalog (updated from 
ISchmitt fc Liefkel 120041 C. Licfke, private communica- 
tion) for an older sample (^1-10 Gyr) of field stars with 
RASS detections, limiting distances to <15 pc. Fig- 
ure [6] shows the resulting HR1/HR2 distributions; USco 
members have very hard HR1 values near 1.0, the inter- 
mediate age sample has HR1 values between ~-0.4 and 
+0.3, and field M dwarfs have values between ~-0.5 and 
0.0. The hardness ratio of 1RXS J2351+3127 A (HR1=- 
0.33 ±0.16) is consistent with both YMG members and 
M dwarfs in the field. 

We also compute X-ray luminosities for the USco, 
YMG, and field populations and show the log Lx vs. 
HR1 distributions in Figure [5] (right panel) . Note that 
not all of queried objects had X-ray counterparts, and 
since the RASS is a flux-limited survey the samples 
and distributions for each age group represent the most 
X-ray luminous members of each population. Deeper 
pointed observations of young compact clusters show a 
much larger spread in X-ray luminosities at a given age, 
spanning, for example, alm ost 3 orders of magnitude fo r 
the -1 Myr ONC cluster (|Preibisch fc Feigelsonl I2005T) . 
(These results also suggest that all-sky searches which re- 
quire X-ray detections to identify nearby young stars are 
missing a large fraction of young X-ray-faint members.) 
The X-ray luminosity of 1RXS J2351+3127 A appears 
to be inconsistent with field M dwarfs, agreeing better 
with young moving group members which have ages of 
~ 10-100 Myr. 

iShkolnik etaD (|2009f ) and lSchlieder et al.1 (|2012t ) com- 
pute fractional X-ray fluxes for their samples of X- 
ray selected targets and derive values of log Fx/Fj 
= -2.23 and log Fx / Fk s =-2.06, respectively, for 
1RXS J2351+3127 A. Both values lie near the satura- 
tion limit for early M dwarfs and are comparable to YMG 
members with ages l ess than the Pleiades (^120 Myr). 
IShkolnik et al.l <|2009f ) obtained two epochs of high reso- 
lution spectroscopy of 1RXS J2351+3127 A and rule out 
spectroscopic binarity as the source of increased activ- 
ity. They also found a CaH band strength suggesting 
low surface gravity but did not detect Li, leading to a a 
likely age of 20-150 Myr. 

3.3.2. UV Activity 

Chromospheric activity produces a wealth of emis- 
sion lines and continuum flux at UV wavelengths 
(e.g., iRobinson et ldl 120051: iPaganol 12001 This ac- 
tivity decays over time" dSimon et al.lll985t iRibas et"aLl 
120051 : iFindeisen et~al~l 120111 ). making excess UV emis- 
sion a good tracer of magnetic field stre ngth and age. 
The Galaxy Evolution Explorer ( GALEX; iMartin et al.l 
f2005h space telescope mapped most of the sky in near- 
UV (NUV) and far-UV (FTJV) b ands and the result- 
ing catalog ([Morrissev et al.l [2007T ) represents a rich re- 
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source to identify nearby youn g stars that exhibit UV 
excesses (IShkolnik et all l20ll IRodriguez etHI l20ll 
ISchlieder et alJl2012ft . 

1RXS J2351+3127 A was detected in both NUV and 
FUV bands of GALEX (Table [3]). Here we compare its 
UV emission to several empirically calibrated UV/near- 
infrared colors from the literature. 1RXS J2351+3127 A 
exhibits high fractional UV fluxes relative to its J-band 
and ifs-band fluxes with values consistent with local as- 
socia ti on members (IShkolnik et aUl2011l ISchlieder et alJ 
[2012] ). IRodriguez et all (|2011l ) find distinct loci for field 
and YMG populations in both NUV-V vs. V-K and 
NUV-J vs. J-K planes. Lacking a reliable U-band 
magnitude for 1RXS J2351+3127 A, we can u se the typ- 
ical V -K color for an M2V dwarf of 4.11 mag (jTokunagal 
l2000f ) to provide an estimate. Combining this with the 
2MASS Ks-h&nA magnitude of 1RXS J2351+3127 A 
yields a value of V=13.1 mag. Comparing its NUV-V 
color of ~6.9 mag to Figure 2 of Rodriguez et al. shows 
that 1RXS J2351+3127 A is clearly discrepant from the 
field population and again sits along the locus of YMG 
objects. Likewise, its NUV-J color (10.15 mag) is ~1.5 
magnitudes bluer than the field population for its J-K$ 
color (0.85 mag) based on Figure 4 of Rodriguez et al. 
It is also bluer than Hya des sequence based on Figure 7 
of lFindeisen et all (120111). Al though the scatter is quite 
large. iFindeisen et al. derive an empirical cali- 

bration for log(age) vs. FUV-J and J-K colors (their 
Equation 10), which yields an ag e of 36±|? Myr. Alto- 
gether, the UV fluxes of 1RXS J2351+3127 A point to 
an age that is confidently less than the Hyades (625 Myr) 
and likely between 10-150 Myr. 

3.3.3. Kinematics 



Both ISchlieder et all ([20121 ) and Shkolnik et al. (2012, 
submitted) independently find that 1RXS J2351+3127 A 
is a likely member of the AB Dor YMG. Sc hlieder et al. 
use the method of iLepine fc Simonl ([20091 ) to compute 
a kinematic distance and predict a radial velocity as- 
suming cluster membership. Their kinematic distance 
for 1RXS J2351+3127 A (41.3 ± 3.2 pc) matches our 
photometric distance of the system (50 ± 10 pc), and 
their predicted radial velocity (-14.0 ± 1.3 km/s) is 
in excellent agreement with the measured value of - 
13.5 ± 0.6 km/s by Shkolnik et al. The radial velocity of 
1RXS J2351+3127 A was measured from t wo high resolu- 
tion sp ectra (A/AA ~ 68,000) obtained bv lShkolnik et al] 
( j2009§ on 14 Aug 2006 UT and 5 Oct 2006 UT with the 

Echellc SpcctroPolarimetric Device for the Observation 
of Stars at the Canada-France-Hawaii Telescope. De- 
tails about the measurements will appear in Shkolnik ct 
al. (2012, submitted). In brief, the spectra were cross- 
correlated with an RV standard with a similar spectral 
type and the radial velocity was derived from Gaussian 
fits to the cross-correlation functions. 

UVWXYZ values for 1RXS J2351+3127 A with re- 
spect to the Sun's space motion and position are listed 
in Table [4] Given the large range of photometric dis- 
tances for the system, we also compute space motions 
for distances of 35, 45, 55, and 65 pc, which are plotte d 
in Figure [7] relative to YMGs from ITorres et alJ (|2008f) . 
For distances between ^35 and 50 pc the kinematics of 
1RXS J2351+3127 A agree well with the AB Dor group 



and sit in the cluster center at ^45 pc. Distances larger 
than 55 pc are discrepant with the cluster. Although 
membership is highly probable, a parallax for the system 
and veri fication using: cluster convergence-point meth- 
ods ( e.g., ITorres et all [20061 iMamaiekl [20051 iGalli et all 

"la i 



[20T2I1 is essential for unambiguous association. 

3.3.4. Age Summary 

The high X-ray and UV emission from 
1RXS J2351+3127 A point to an age significantly 
younger than the Hyades. A more precise age determi- 
nation from high energy emission alone is hindered by the 
large intrinsic scatter from young moving group mem- 
bers. The UVW kinematics of 1RXS J2351+3127 AB 
based on its photometric distance are consistent with 
the AB Dor moving group, which has an age comparable 
to the Pleiades. However, a parallax is required to verify 
cluster membership. Very young ages (<10 Myr) can be 
excluded based on the morphology of the near-infrared 
spectrum of 1RXS J2351+3127 B (Section E3) and the 
lack of Li in the primary. Altogether we adopt two 
age estimates for 1RXS J2351+3127 AB: 50-150 Myr 
assuming AB Dor membership, and a conservative 
estimate of 50-500 Myr if the system does not belong to 
that cluster. 

3.4. Spectral Properties and Classification 
3.4.1. Low-Resolution Prism Spectrum 

Our 0.8-2.5 fan SpeX prism spectrum of 
1RXS J2351+3127 B shows typical features of late M- 
and early L-type objects (i.e., deep 1.5 and 1.9 /im steam 
bands; strong 2.3 fj,m CO absorption; and (blended) 
Nal, K I, and FeH features in J-band; iCushing et alJ 
120051 ) despite clear and significant contamination from 
the primary star at A <1.2 /im (see Section |2~3"|) . Here 
we attempt to use the uncontaminated (or minimally 
contaminated) regions of the spectrum for the purposes 
of spectral classification. Our comparison spectra come 
from the SpcX Prism Spectral LibrarvFT We tried 
fitting several spectral regions of 1RXS J2351+3127 B 
to a sample of 618 published M, L, and T dwarf spectra 
which were also obtained with IRTF/SpeX in prism 
mode. The x 2 statistic was used as a goodness-of-fit 
metric, and we ignored measurement uncertainties in 
the library spectra. 

The best-fitting object to the entire 1.20-2.45 /jm re- 
gion is the intermediate-age M9.0 (optical spectral type) 
brown dwarf LP 94 4-20 (Fi g ureEl) . Optical spectroscopy 
of LP 944-20 by iTinnevi (|1998h revealed Li absorp- 
tion, indicating it is a young substellar object (see also 
iPavlenko et al.ll2"007D . Follow-up studies unc overed evi- 
dence for X-ra y flaring dRutledge et al.ll2000D . quiescent 
radio emiss ion dBerger et al. 12001 ) , possible photometric 
variability (jTinnev fc Tollev I199S ) , and op tical, but not 
infrar ed, periodic radial velocity variations ([Martin et alJ 
|2006| ) . All of this indicates that LP 944-20 harbors an un- 
usuall y strong magnetic field for its spectral type. iRibasi 
(2003) found that LP 944-20 is a likely member of the 
Castor YMG (which includes the well-studied stars Vega 
and Fomalhaut) based on its space motion. Age esti- 
mates for the Castor YMG range from ~200-400 Myr 
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(|Barradolll998t iTorres fc Ribai [20021 iRibasI [2001 . i.e., 

intermediate in age between the Pleiades (125 Myr) and 
the Hyades (625 Myr). 

The near-infrared prism spectrum of LP 944-20 it- 
self CEE gasser et al.l I2008T ) reveals only subtle hints of 
youth. One of the most discriminating features exhib- 
ited by young brown dwarfs at low spectral resolution 
is a triangular-sh aped H-band (e.g., iLucas et al.l 120011 : 
lAllers et al.l 120071) . This feature is readily seen in Fig- 
ure [HI which shows the spectrum of LP 944-20 compared 
to the LP optical standard 2MASS J0345432+254023 
(jBurgasser fc McElwair][2006l ) and the you ng M9.5 TWA 
brow n dwarf 2MASS J11395113-3159214 (jLooper et all 
I2007f) . LP 944-20 has an intermediate f/-band shape 
reflecting its adolescent age. This subtle spectral pecu- 
liarity is shared by 1RXS J2351+3127 B and suggests a 
comparable age to LP 944-20 based on this morphology 
alone. (The 1.4-1.8 /mi region of 1RXS J2351+3127 B, 
which samples the H2O band depth and the entire H- 
band region, is also best-fit by the spectrum of LP 944- 
20.) However, since the spectral properties of brown 
dwarfs at intermediate ages are not well-calibrated, it 
is unclear how quickly these features evolve and there- 
fore what robust age constraints can be obtained from 
this method. 

Separate fits to individual bands produce 
best-fit spectral types of M9-L1.5. The 1.15- 
1.34 urn regio n yields the LP (optical type: 
West et all l200l /M9 (NIR type: IKirkpatrick etaD 
20LOD object 2MASSJ 12490872+4157286. The 
best match to the 1.50-1.80 /mi r egion is the 
LI. 5 (NIR type: IKirkpatrick et al.l I2010D object 
2MASS J01472702+4731142. The 2.0-2. 45 /mi region 
(~K) is best fit by the L0 (optical type: [Wilson et al. 
l200l[) object HD 89744 B from lBurgasser et al.l (|200l) PI 
Finally, we note t hat the gravity-ind ependent classifi- 
cation index from lAllers et al.l (|2007| ) yields a spectral 
type of M8.4+*;q, which is consistent with our previous 
estimates. 

3.4.2. Moderate-Resolution SXD and OSIRIS Spectra 

In Figure [HI we compare our SXD spectrum to late- 
M and ear ly-L dwar fs from the IRTF Spectral Library 
(|Cushing et alJ[2005[) . 1RXS J2351+3127 B most closely 
resembles the L0.5 and LI field objects. A comparison 
of individual bands to the templates likewise suggests 
M9-L1. Like our prism spectrum, there is some contam- 
ination from the primary at shorter wavelengths, which 
results in a slightly bluer spectrum and artificially di- 
minished line strengths. The H and K bands were less 
contaminated by the primary in the raw SXD data. 

On the other hand, our OSIRIS spectrum was obtained 
with AO and the companion was well separated from the 
primary. The J-band spectrum is shown in Figure [TU] rel- 
ative to M8-L3 field templates. The best overall match 

12 The primary star HD 89744 A (F7IV/V) was clas sified as a 
likely AB Dor member by Lopez-Santiago et al. (2006) based on 
its space motion. However, it is also an exoplanet-host star and 
independent age estimates point to an older age of 1-3 Gyr, arguing 
again st AB Dor membership (see Table 3, footnote i of I Evans et al.l 
l20Tll for a summary). The X -ray luminosity based on the count 
rate and hardness ratio (HRl=-0.58) listed in the Second ROSAT 
PSPC Catalog is a modest 28.0 erg/s, which is comparable to field 
stars. 



is the L2 template, although L1-L3 objects are also good 
fits. The depth of the 1.25 /mi K I gravity-sensitive 
lines (e.g..lMcGoyern et~aT]|2004l: IKirkpatrick et~aTll2006l: 
lAllers et al.ll2009¥ do not appear particularly shallow rel- 
ative to the field obje cts, which exc l udes v ery young ages 
(<10 Myr). Recentlv lGeifiler et al.1 (|2012t ) presented NIR 
spectroscopy of a new M8 ± 1 companion to the Pleiades 
member H II 1348. Their OSIRIS J-band spectrum also 
lacks shallow alkali lines, which suggests that any impact 
on these lines from low surface gravity occurs at younger 
ages, at least at this temperature. Altogether we adopt 
a spectral type of L0j^ for 1RXS J2351+3127 B. The 
asymmetric error bars reflect the slightly earlier type sug- 
gested by the prism and SXD spectra compared to the 
OSIRIS spectrum. 

3.5. Physical Properties 

The mass of 1RXS J2351+3127 B can be estimated 
from its luminosity and age using substcllar cooling mod- 
els. Assuming a distan ce of 50 ± 10 pc, the if -ba nd bolo- 
metric correction from iGolimowski et all (|2004l ) yields a 
luminosity of log L/Lq = -3.6 ± 0.2 (the uncertainty in- 
corporates intrinsic scatter in the relation, photometric 
errors, and a spectral type accuracy of one subtype) 
The age estimate of the system depends on whether it 
is an AB Dor member, in which case the age of —50- 
150 Myr (see Section 5]) can be leveraged from the en- 
tire cluster. If it is not a member then the constraints 
are much poorer, but probably lie between 50-500 Myr 
based on the high energy emission from the primary. We 
arrive at masses of 32 ± 6 Afj up and 50 ± 11 Mj up for 
age ranges of 50-150 Myr and 50-500 Myr, respectively, 
based on a grid of finely interp olated evolutionary mod- 
els from iBurrows et al.l (|1997| ) P^l Figure QT] shows the 
influence of the distance estimate on the inferred mass of 
1RXS J2351+3127 B, which lies between -25-40 M Jup 
for distances of 35-65 pc assuming an age of 50-150 Myr. 

The mass of the primary can be obtained from stellar 
evolutionary models. 1RXS J2351+3127 A has a spec- 
tral type of M2.0 ± 0.5 w hich corresponds to an effe ctive 
temperature of -3520 K dDrilling fc Landoltl 120001). At 
100 Myr (500 Myr), the models of iBaraffe et all (|1998l ) 
give a mass of 0.45 M Q (0.40 Mq) for this temperature. 
Since the mass is only weakly dependent on age we adopt 
a value of 0.45 ± 0.05 M© for 1RXS J2351+3127 A. 
Note that we have made use of solar metallicity evo- 
lutionary models here (with Y=0.275 and L m i X =Hp); 
a non-solar composition and any intrinsic errors in the 
evolutionary models will result in systematic errors in the 
inferred mass. We also compute the luminosity of the pri- 
mary star using t h e ff-b and bolometric correction from 
iCasagrande et ail (|2008l ) and the system's photometric 

13 Distances of {35, 45, 55, 65} ± 10 pc give log L/L Q ={- 
3.9±0.3, -3.6±0.2 ,-3.5±0.2, -3.3±0.1}. 

14 Quoted masses represent the medians and standard de- 
viations of the resulting mass distributions assuming uniform 
input distributions for the luminosity and ages. Normally- 
distributed input values of -3.6 ± 0.2 dex and 100 ± 25 Myr 
(300 ±150 Myr) give a similar mass of 35 ± 7 M Jup (56 ± 11 M Jup ). 
We also comp u te m asses using i nterpolated Lyon m odels from 
IChabrier et~al] OOOlil, Dusty) an d IBaraffe et~aLl 1(20031 . Cond), as 
well as Saumon & Marlcv (2008, both clear and cloudy versions). 
The resulting mass estimates are all consistent within a few Mj up , 
indicating that the dominant sources of error are the uncertainty 
in the age and distance rather than the choice of models. 
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distance, which yields log L/Lq = -1.37 ± 0.19. 

4. DISCUSSION AND CONCLUSIONS 

The AB Do r YM G was first recognized by 
IZuckerman et al.l (|2004D as a sparse but relatively nearby 
group of young stars in the Local Association with 
common space motions. Since its discovery there 
have been many attempts to iden ti fy additional mem- 
bers (lLopez-Santiago et al.l 120061; iTorres et al l 120081: 



IZuckerman et al.ll201lHMcCarthv fc White! 120121 ). with 
recent attention mostly focused on fil li ng in the lower 
mam sequence (jShkolnik et all [20091 : ISchlieder et all 
120101 2012; Shkolnik et al. 2012). Age estimates for 
the cluster vary considerably. Studies of the AB Dor 
quadruple system itself have yielde d values of ~30- 
100 Myr using theoretical isochrones dClose et al.1 [20071: 
Janson et aI1l2007t iBoccaletti et al.ll2008t iGuirado et al.1 



201 in . However, comparisons of AB Dor members to the 



Pleiades (-125 Myr) and IC 2391 (35-50 Myr) c l usters 
in color -magnitude diagrams b y iLuhman et al.l (|2005l 
see also ILuhman fc Potter! 120061 ) make it clear that the 
AB Dor group is older than IC 2391 and approximately 
coeval with the Pleiad e s. Kin emati c analysis of the clus - 
ter by ILuhman etHTI ()2005[ ) and lOrtega et all ([20071 ) 
support a common origin and age with the Pleiades. In 
Figure [T2] we compare the color-magnitude sequence of 
AB Dor members to Pleiades stars and brown dwarfs 
(see caption for details). The sequences line up well from 
the highest-mass B-type members down to the latest L 
dwarfs in both clusters, supporting the older Pleiades- 
like age of AB Dor. 

A parallax for the 1RXS J2351+3127 AB system is 
needed to confirm its association with AB Dor. The 
large uncertainty in the photometric distance means the 
space motion of 1RXS J2351+3127 AB is only marginally 
constrained. At distances of 35-50 pc it agrees well 
with the kinematics of the AB Dor group, but it is in- 
consistent at larger distances given the relatively small 
internal velocity dispersion (a few km/s) of the mov- 
ing group (Figure [7]). If it does belong to the clus- 
ter then 1RXS J2351+3127 B is the second lowest- 
mass mem ber of AB Dor after the L4 companion CD- 
35 2722 B (jWahhai et al.ll2011[ ). which was recently dis- 
covere d as part of the G emini NICI Planet-Finding Cam- 
paign (|Liu et al.ll2010bh . Note that 1RXS J2351+3127B 
should have a distance >45 pc for its position to be 
consistent with the later-type CD-35 2722 B in the 
color-magnitude diagram. This could be a clue that 
1RXS J2351+3127 B is not in fact a member of AB Dor 
since distances larger than ~50 pc produce space mo- 
tions that differ from the cluster. As noted earlier, even 
if 1RXS J2351+3127 AB are not members, independent 
lines of evidence from the primary (high-energy emission) 
and the companion (iJ-band spectral morphology) indi- 
cate the system is young (—100-500 Myr), and except for 
the oldest ages and the largest distances, the companion 
is substellar. 

Already it is clear from the spectra of CD-35 2722 B 
obtained by Wahhaj et al. that L dwarfs at the age of 
the AB Dor moving group show few signs of youth. Like 
1RXS J2351+3127B, CD-35 2722 B has J-band absorp- 
tion features comparable to field objects, and the shape 
of the H band is intermediate between the youngest 
brown dwarfs and old field objects. CD-35 2722 B 



has brighter absolute NIR magnitudes than field ob- 
jects with the same spectral type so a parallax for 
1RXS J2351+3127 B will also be useful to look for the 
same effect. One of the few studies to examine the near- 
infrared spectral p roperties of Pleiad es brown dwarfs 
was carried out by iBihain et al.1 (|2010T l . They obtained 
low-resolution spectra of M7-L3.5 Pleiades members and 
most exhibited shapes similar to field objects, with a few 
suggesting somewhat more angular i/-band features with 
less 1.6 (im FeH absorption. These trends appear to be 
consistent with CD-35 2722 B and 1RXS J2351+3127 B. 

A growing number of ultracool objects have been tied 
to the AB Dor YMG. In addition to 1RXS J2351+3127 B 
(L0) and CD-35 2722 B (L4), which also orbits an early- 
M dwarf, three isolated M7-M9 objects were recently 
found by ISchlieder et~aTl ()2012l ) to be likely AB Dor 
members, although parallaxes and radial velocities are 
needed for c onfirmation. Includ ing the low-mass M6 star 
AB Dor C ([Close et al.l [2005]) . a sequence of AB Dor 
members spanning a range of temperatures and masses 
below the hydrogen-burning limit is beginning to emerge. 
Since the spectral morphology of brown dwarfs is sensi- 
tive to age, a detailed comparison of optical and near- 
infrared spectroscopy of AB Dor brown dwarfs to those 
in the Pleiades can eventually be used for relative age 
dating, perhaps with even greater precision than color- 
magnitude diagram comparisons. 
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Fig. 1. — Census of benchmark ultracool companions compiled from the literature. The sample is limited to main-sequence primaries 
with spectral types earlier than M5 and systems with well-constrained ages. Companions resolved into tight binaries are indicated with 
open circles and some of the younger/mo re recent discoveries are labeled. The H R 8799 planets are excluded because of their peculiar 
spectral and photometric properties (e.g.. [Bowler et"a l. 2010; Barman ct al. 2011]). In addition to 1RXS J2351+3127 AB only a handful 
other systems with ages of ~50-300 Myr are known. A number of interesting features are apparent from this figure. There is a dearth of 
mid-L to T dwarf companions at young ages (<200 Myr), which corresponds to objects near and below the deuterium-burning limit. At 
old ages (>7 Gyr) no late-L or early-T dwarf companions are known. While this could be a selection effect, it may also be snowing the 
luminosity/temperature gap differentiating the lowest-mass stars, which have nearly constant temperatures at old ages, from brown dwarfs, 
which cool over time. Note that the compilation is incomplete for latc-M dwarfs, especially at old ages. 
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Fig. 2. — Keck/NIRC2 coadded H-band image of 1RXS J2351+3127 AB. The primary is positioned behind the 0'.'6 diameter translucent 
coronagraph with the companion located to i ts east. Both objec ts appear to be single down to the d iffraction lim it of Keck (~40 mas). 
The image is displayed with an asinh stretch l|Lupton et alj|2004f ) and the "cubehelix" color scheme of Green (20lJ). 
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Fig. 3.— IRTF/SpoX guider camera YJHK images of 1RXS J2351+3127 AB. The panels on the left show the stacked images of the 
system depicted with an asinh stretch. The panels on the right show contours representing 50%, 10%, 1%, 0.5%, and 0.2% of the peak flux 
from the primary. 
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Fig. 4. — Astrometry for 1RXS J2351+3127 AB. Left: Separation (top) and position angle (bottom) of the companion at two epochs 
in 2011. The solid line shows the expected astrometry of a distant background object at the location of the companion in the first epoch 
data as a result of proper and parallax motion of the primary. The gray shaded regions represent 1- and 2-cr errors in the background 
tracks based on uncertainties in the proper motion, distance, and first epoch astrometry (solid circle). The second epoch astrometry 
(solid triangle) is inconsistent with the expected position (in PA but not separation) if it were a background object (open triangle). The 
astrometric uncertainties are smaller than the size of the symbols. Right: Same as the left panel except for ARA and ADec as seen on the 
sky (A refers to primary - secondary position). There is essentially no change in RA and Dec between the two epochs. 
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Fig . 5. — Left: Distributions of X-ray luminosities for low-mas stars (0.1—0.5 Mq) as a function of age from Prcibisch & Fcigclson 
(200 5j). Solid and dashed lines represent 68.3% and 95.4% ranges about the median for each distribution, respectively. Note that 
Preibisch & Fcigclson (2005) applied a conversion factor to compare the X-ray luminosities from ROSAT for the Pleiades, Hyades, and field 
populations to the results for the ONC from Chandra. We converted these values back into ROSAT bandpasses and did the same for the 
ONC data. The X-ray luminosity of 1RXS J2351+3127 A is higher tha n the low-mass field populati on and most Hyades me mbers. Right: 
X-ray luminosity vs. ROS AT hardness ratio 1 for USco members (red; iPrcibisch & Mamaiek 2008), YMG members (green; [Torres et al.l 
1200811 . and field stars (blue; Schmitt & Licfkc 2004|). M-type stars are plotted as filled circles and AFGK-type stars are shown with smaller 
open circles. Young stars have high X-ray luminosities and hardness ratios near zero, although wc note that non-detections are not taken 
into account here. 1RXS J2351+3127 A is consistent with ^10-100 Myr YMG members assuming a photometric distance of 50 ±10 pc. 
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Fig, 6, — ROSA T PSPC hardness ratios for members of Upper Scorpius (top; Prcibisch k Mamajck 2008), YMG members (middle; 
ITorres et al1l2008l) , and field stars within 15 pc (bottom; NEXXUS 2 catalog: ISchmitt fc Liefkel 120041). M-type stars ar e plotted as filled 
circles and AFGK-type stars are shown with smaller open circles. Hardness ratios soften over time ( Kas tner et~alll2003) and can be used 
as a rough proxy for age. 1RXS J2351+3127 A is consistent with YMG members and field objects. Typical uncertainties are shown in the 
bottom right of each panel. 
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Fig. 7. — Space motion and relative positions of nearby YMGs from Torres ct al. (2003). Distances (both measured parallaxes and 
kinematic estimates) are from Torres et al., while radial velocities are compiled from Simbad. The Octans (filled triangles), Argus (filled 
down- facing triangles), /3 Pic (open squares), e Cha (filled squares), TW Hya (filled diamonds), Tuc-Hor (crosses), Columba (open triangles), 
Carina (open diamonds), and AB Dor (filled circles) groups occupy unique loci in UVW space. 1RXS J2351+3127 AB is overplottcd as 
a series of increasingly-larger yellow diamonds which represent distances of 35, 45, 55, and 65 pc. The system's photometric distance of 
50 pc coincides well with the AB Dor YMG, but distances larger than ~55 pc disagree with the kinematics of known members. Error bars 
include uncertainties in the distance estimate (10 pc), proper motion, and radial velocity. The AB Dor YMG is physically dispersed over 
a large region of sky; 1RXS J2351+3127 AB is consistent with the cluster in XYZ space, albeit near the border of where known members 
lie. 
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Fig. 8.— IRTF/SpeX prism spectrum of 1RXS J2351+3127 B (black). The 1.15-2.45 /mi region is best matched by the ~200-400 Myr 
M9 brown dwarf LP 944-20 (red). Contamination from the primary is evident at wavelengths shorter than ~1.1 (im and is shown with gray 
shading. The L0 optical standard 2MASS J0345432+254023 (green) and the young (~10 Myr) M9.5 TWA member 2MASS J11395113- 
3159214 (blue) are shown for comparison. The H-band region of 1RXS J2351+3127 B and LP 944-20 appear intermediate between the old 
field object and the young brown dwarf, although the effect is subtle. Note that LP 944-20 is scaled to 1RXS J2351+3127 B by minimizing 
the x 2 value, while the field and young objects are normalized to the 1.68—1.70 region. The inset shows the reduced \ 2 values of fits 
to MLT dwarfs from the SpeX Prism Library plotted against spectral type. When optical types (filled circles) are not available we use 
near-infrared types (open diamonds). 
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Fig. 9.— IRTF/S peX SXD spectrum of 1RXS J2351+3127 B compared to field M and L dwarfs from the IRTF Spectral Library 
HCushing et alll2005ft . The L0.5 and LI templates are close matches to 1RXS J2351+3127 B. The spectra arc normalized bectwen 1.50- 
1.55 fim and offset by a constant. Gaps in the spectrum of 1RXS J2351+3127 B are caused by strong telluric absorption between 1.35— 
1.40 fim, a ghost feature between 1.71-1.75 fim caused by the placement on the detector, and a gap between orders from 1.82-1.87 (im. 
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Fig. 10.— Keck-II/OSIRIS J-band spectrum of 1RXS J2351+3127 B compared to field objects from the IRTF Spectral Library. The 
depth of the 1.244/1.253 fim K I lines are comparable to field objects, implying 1RXS J2351+3127 B is not exceptionally young (<10 Myr). 
The best matches are LI— L3 spectral types. 
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log(age/yr) 

Fig. 11. — The mass of 1RXS J2351+3127 B based on the substcllar evolutionary models of Burrows ct al. (1997). Yellow diamonds 
show the luminosity of 1RXS J2351+3127 B for distances of 35, 45, 55, and 65 pc with increasing size indicating larger distance. If 
1RXS J2351+3127 AB is a member of the AB Dor moving group (~50-150 Myr), its photometric distance (50 ± 10 pc) implies a mass 
of 32 ± 6 Mj up for the companion. If the system is not a member and the age range is ~50-500 Myr, the mass estimate increases to 
50 ± 11 Af Jup . 
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Fig, 12. — Color- magnitude diagram for the AB Dor moving group. The sequence of Ple iades members from ISta uffcr et al. (2007j) and 
IBihain et al . (2010) a re shown in gra y, and field ultracool dwarfs fro m lDupuv fc Liul 12012T ) are plotted in orange. The AB Dor members 
are compiled from Torres ct al. (2008, stars), [Zuckcrman et al. (2011, open diamonds), and Shkolnik et al. (2012, submitted; filled squares). 
Except for the Torres et al. list, only objects with parallaxes and good 2MASS photometry arc plotted. The AB Dor sequence appears to 
be indistinguishable from the Pleiades sequence, at least in J-K. The positions of 1RXS J2351+3127 AB a re plotted with yello w squares 
(primary) and diamonds (companion) for distances of 35-65 pc. The filled triangle shows CD-35 2722 B fWahhai ct al. 20111, L4 ± 1), 
which is the l atest-type member o f AB Dor currently known. Its photometry was converted from the MKO to 2MASS systems using the 
relations from Leggctt ct al. (2006). Note that AB Dor C (M6 ± 1) is not displayed because of the large uncertainties in its near-infrared 
colors (Luhman fc Potter 20061). 
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TABLE 1 

Summary of Observations 



UT Date 


Target 








No. of 


Coadds x 


(Y/M/D) 


(A/B) 


Instrument 


Filter/AA 


Exposures 


Exp. Time (s) 






Ima 


Sing 








2011/06/21 


A 


Kcck-II/NIRC2 




H 


5 


100x0.028 


2011/06/21 


A+B 


Keck-II/NIRC2 




11 


5 


1x10 


2011/11/15 


A+B 


Keck-II/NIRC2 




K' 


9 


50x0.2 


2011/12/02 


A+B 


IRTF/SpeX 




Y 


8 


2x10 


2011/12/02 


A+B 


IRTF/SpeX 




J 


20 


5x1.5 


2011/12/02 


A+B 


IRTF/SpeX 




H 


20 


10x1 


2011/12/02 


A+B 


IRTF/SpeX 




K 


20 


2x2 


Spectroscopy 


2011/10/14 


B 


IRTF/SpcX-prism 


0.8- 


-2.5 (im 


6 


1x120 


2011/12/02 


A+B 


IRTF/SpeX-SXD 


1.1- 


-2.5 fim 


21 


1x120 


2011/12/26 


B 


Keck-II/OSIRIS 


1.18- 


-1.35 /im 


6 


1x300 



TABLE 2 

Keck/NIRC2 Astrometry of 1RXS J2351+3127 AB 



Epoch (UT) 


Filter 


FWHM (mas) 


Strehl 


Separation (mas) 


PA (°) 


Amag 


2011.470 


H 


39.2 ± 0.5 


0.435 ± 0.009 


2392.2 ± 2.0 


91.77 ± 0.05 


5.68 ± 0.04 


2011.871 


K' 


49.0 ± 0.2 


0.50 ± 0.02 


2386.3 ± 1.5 


91.81 ± 0.04 


5.04 ± 0.05 



Note. — FWHM and Strehl ratios are computed using the publicly available IDL routine 
NIRC2STREHL made available by Keck Observatory. 



TABLE 3 

Photometry of 1RXS J2351+3127 AB 



Property Primary Secondary 

-RiJSNO-B (mag) 12.28 

AjSNO-b (mag) 10.92 

Jmko (mag) 9.80 ± 0.02 a 

Hmko (mag) 9.21 ± 0.02 a 14.89 ± 0.04 b 

%ko (mag) 8.98 ± 0.02 a 13.92 ± 0.05 b 

Mj ( mko) (mag) 6.31 ± 0.46 c 

-Wff(MKO) (mag) 5.72 ± 0.46 c 11.40 ±0.46 

M K(MKO) (mag) 5.49 ± 0.46 c 10.43 ±0.46 

AY, IRTF (mag) 5.71 ± 0.19 

AJ, IRTF (mag) 5.27 ± 0.27 

AH, IRTF (mag) 5.10 ± 0.22 

AK S , IRTF (mag) 4.54 ± 0.12 

GALEX NUV (mag) 19.97 ± 0.09 d 

GALEX FUV (mag) 21.29 ± 0.26 d 

ROSAT flux (erg sec -1 cm" 2 ) 6.4 ± 1.5 xlO -130 

ROSAT HR1 -0.33 ± 0.16 c 

ROSAT HR2 -0.03 ± 0.30 c 

a Synthetic photometry from our SXD spectrum of 
1RXS J2351+3127 A afte r flux-calibrating it to t he 2MASS 
/fg-band magnitude from Skrutski e et al.l (|2006f ). 
b Computed from our Keck/NIRC2 photometry. 
c Based on the photometric distanc e estimate of 50 ± 10 p c. 
d GALEX photometry from GR6 (IMorrissev et^[20071). 



From the ROS AT All-Sky Su r vey dVoees et al 



The relation from IFleming et al.l (|1995l ) was used to con- 
vert count rate to flux. 



fl999l ). 
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TABLE 4 
Properties of 1RXS J2351+3127 AB 

Property Primary Secondary 



Age (Myr) 


50-150 a 


dphot (P c ) 


50 ± 10 


Proj. Sep. (") 


2.386 ± 0.002 


Proj. Sep. (AU) 


119 ± 24 


/i a cos S (mas/yr) 


105.9 ± 3.5 b 


H S (mas/yr) 


-81.8 ± 5.3 b 


RV (km/s) 


-13.5 ± 0.6 C 


U (km/s) 


-10.5 ± 3.0 


V (km/s) 


-29.2 ± 3.7 


W (km/s) 


-15.4 ± 4.6 


X (pc) 


-13.6 ± 2.7 


Y (pc) 


-41.2 ± 8.3 


Z (pc) 


-24.8 ± 5.0 


log(Lx/ L Bol) 


-3.02 d 


log(L Bo l /■£-©) 


-1.37 ± 0.19 -3.e 


Spectral Type 


M2.0±0.5 e L 


Mass 


0.45 ± 0.05 M 32 ± 



Note. — UVWXYZ values are based on the 
photometric distance estimate. U is positive to- 
wards the galactic center. 

a Assumes the system is a member of the AB Dor 
YMG. 

b UCAC-3; IZ"acharias et all (pOlCh . 
c Shkolnik et al. (2 012, submitted). 
d IRiaz et all (12001). 
e IShkolnik et all ((200Sh . 



